Introduction {#S0001}
============

Colorectal cancer (CRC) is one of the major causes of worldwide cancer-related mortality.^[1](#CIT0001)^ The carcinogenesis of colorectum is driven by genetic and epigenetic alterations and also closely regulated by tumour-host interactions.^[2](#CIT0002),[3](#CIT0003)^ Accumulating evidence has revealed immune microenvironment could help tumor cells to evade immune destruction by the infiltrating immune cells.^[4](#CIT0004)^ Immunotherapy, especially checkpoint antibodies targeting the PDCD1 (programmed cell death 1, PD-1) and B7-H1 (programmed death-ligand 1 (PD-L1)) protein, has been emerged as a promising strategy to treat a number of cancer types.^[5](#CIT0005)^ However, objective responses were observed in only 53% of patients with deficient mismatch repair (dMMR) solid tumors and in 31% of distant metastatic CRC patients with high microsatellite instability (MSI-H).^[6](#CIT0006)-[8](#CIT0008)^ The best candidates that benefit from immune checkpoint therapy are still unclear.

Nowadays, immunologic factors have shown promise as prognostic parameters, which could help to characterize the tumor response to immunotherapies.^[9](#CIT0009)^ Previous studies have found that tumors with a high infiltrate of CD8^+^ cytotoxic T lymphocytes (CTL) and T helper 1 (Th1)-type cells had a more favorable prognosis than those with a low infiltrate.^[10](#CIT0010),[11](#CIT0011)^ Recent publications have demonstrated the high level of tumour-infiltrating T lymphocytes (TIL) is associated with MSI-H features in CRC.^[12](#CIT0012)^ Most significantly, CRC tumors with MSI creates a rich abundance of neoantigens responsible for the immune response.^[13](#CIT0013)^ Meanwhile, these tumors have significant high level expressions of immune checkpoint proteins, including PD-1 and PD-L1, enabling them to survive from immune eradication.^[14](#CIT0014),[15](#CIT0015)^ However, the TIL and tumor molecular features remains largely unknown in CRC. Therefore, understanding the expression and clinical patterns of immunologic molecules will be critical in characterizing and selecting patient populations to benefit from their application in CRC.

T cell plays an essential role in regulating immune responses and are activated by two classical signals: antigen recognition (signal one) and co-stimulation (signal two).^[16](#CIT0016)^ The T cell co-stimulation molecules are key regulators of T-cell activation, tolerance, and exhaustion.^[17](#CIT0017)^ Modification of these pathway alterations has been translated into effective strategies for cancer treatment. Presently, the co-stimulation pathways mainly involve two major families: the B7 family of immunoglobulins3 and the tumor necrosis factor receptor (TNFR) superfamily.^[18](#CIT0018),[19](#CIT0019)^ The B7 family has 10 reported members, including CD80 (B7-1), CD86 (B7-2), PD-L1 (B7-H1), B7-H2, B7-H3, B7-DC, B7-H4, B7-H5, B7-H6 and B7-H7.^[18](#CIT0018)^ These proteins have been proven to regulate both T cell co-stimulatory and co-inhibitory pathways.^[5](#CIT0005),[20](#CIT0020)^ The TNFR superfamily proteins are expressed by antigen-presenting cells (APC) or tumor cells, functioning as important secondary signals: OX40L (TNFSF4), CD40 (TNFRSF5), CD70 (TNFSF7), CD137L (TNFSF9), HVEM (TNFRSF14), and GITRL (TNFSF18).^[19](#CIT0019)^ Previous studies find that many of these molecules are dysregulated and associated with prognosis in different cancer types.^[21](#CIT0021),[22](#CIT0022)^ Moreover, the well-known B7-1 or B7-2/CTLA-4 and PD-L1/PD-1 pathways are promising targets for tumor immune checkpoint therapy.^[5](#CIT0005),[23](#CIT0023)^ However, the systemic alteration of these families has not been defined in CRC.

Currently, using TCGA data from cBioPortal, we elucidate comprehensive molecular profiling of the 10 B7 and 6 TNFR family genes across 6 CRC studies. We find gene alterations and mRNA dysregulations of B7 and TNFR family genes, and the abnormalities of mRNA expression is attributed to promoter DNA methylation. Both B7-H3 and TNFSF7 mRNA overexpression were associated with unfavorable survival. Moreover, the MSI status of CRC was correlated with both PD-L1 and PD-1 mRNA levels, and MSI-H patients with PD-1/PD-L1 pathway upregulation had poor clinical outcomes. Therefore, this study describes the systemic landscape of the B7 and TNFR families and highlights the clinical value of PD-1/PD-L1 expression in MSI-H patients, thereby aiding the development of rationales to guide immune checkpoint therapy in CRC.

Results {#S0002}
=======

Gene alterations of B7 and TNFR family across colorectal cancer studies {#S0002-S2001}
-----------------------------------------------------------------------

To date, B7 and TNFR family molecules have been identified to play important roles in immunoregulation between T cells and APC/tumor cells.^[18](#CIT0018),[19](#CIT0019)^ However, the gene wide alterations of B7 and TNFR families remain largely unknown in colorectal cancer (CRC). Here, the frequency of B7 and TNFR gene alterations (including mutations, amplifications, and deletions) across 6 studies in colorectal cancer were shown in [Figure 1](#F0001). In two studies, about 20% of patients had B7 and TNFR gene alterations ([Figure 1A](#F0001)). The frequency of B7 family gene mutations (2.2%--5%) were similar to B7 copy number alterations (CNA), including amplifications, deep deletions and fusions (a total of 0.53%--5.46%; [Figure 1B](#F0001)). Moreover, the amplification rates (0.09%--2.73%) were as common as deletion rates (0.35%--2.73%) in B7 gene groups ([Figure 1B](#F0001)). Meanwhile, TNFR amplifications were relatively more common (5.45--11.32%) than that of B7 (0.09--2.73%) ([Figure 1B](#F0001) and [C](#F0001)).10.1080/2162402X.2018.1488566-F0001Figure 1.The gene alteration frequencies in the B7 and TNFR families across 6 colorectal cancer studies. (A) Gene alterations of B7 and TNFR family. (B) Gene alterations of B7 family. (C) Gene alterations of TNFR family.

Expression of B7 and TNFR proteins in CRC {#S0002-S2002}
-----------------------------------------

Given the high frequency of B7 and TNFR gene copy number variations, their expression were also likely dysregulated. Therefore, we assessed the mRNA alterations of the B7 and TNFR family members across 379 sequenced CRC samples with data from The Cancer Genome Atlas (TCGA), queried with cBioPortal ([Figure 2A](#F0002)). For each of the ten B7 and six TNFR genes, mutations were either not observed, or present at less than 2.2% of patients ([Figure 2B](#F0002) and [C](#F0001)). The frequency of B7-DC and B7- H1 CNA was about 2%, while CNA were more common in the TNFRSF5 gene (5.0%; [Figure 2D](#F0002) and [E](#F0001)). Interestingly, B7 mRNA levels were upregulated in more than 26% (102/379) of CRC, while TNFR mRNA levels were only upregulated in about 16% of cases (61/379). Except for B7-H2 and B7-H3, all other genes were exclusively upregulated, ranging from 1.1% to 5.8%, which was relatively more common than mutations and CNAs in CRC ([Figure 2F](#F0002) and [G](#F0002)). Meanwhile, the CNA rates of TNFR genes were less than 0.9%, except for TNFRSF5 ([Figure 2E](#F0002)). The mRNA upregulation rates ranged from 1.1% to 4.7% in TNFR family ([Figure 2F](#F0002)). For TNFRSF5, the gene amplification and mRNA upregulation rates were similar ([Figure 2E](#F0002) and [F](#F0002)). Moreover, the levels of TNFRSF5 mRNA were slightly increased in cases with CNAs (shallow deletions, diploid, copy number gains and amplification; Supplementary Figure S1), which suggests that TNFRSF5 mRNA levels could be partially regulated by copy number variation.10.1080/2162402X.2018.1488566-F0002Figure 2.The gene alterations and mRNA dysregulations of B7 and TNFR family genes in colorectal cancer. (A) Gene alterations and mRNA dysregulations of B7 and TNFR family genes. (B) Mutation alterations of B7 family genes. (C) Mutation alterations of TNFR family genes. (D) Copy number alterations (CNA) of B7 family genes. (E) CNAs of TNFR family genes. (F) mRNA dysregulations of B7 family genes. (G) mRNA dysregulations of TNFR family genes.

Although B7 and TNFR proteins are constitutively expressed in CRC, the mechanisms underlying the mRNA dysregulation remains unclear. Therefore, we investigated the correlation between promoter DNA methylation with the mRNA expression level. The mRNA levels of B7-1, B7-H3, B7-H6, B7-H7, TNFSF4, TNFRSF5, TNFSF7, and TNFSF9 were negatively correlated with promoter methylation status ([Figure 3](#F0003)). Notably, B7-H3 and TNFRSF5 mRNA levels were relatively strongly correlated with promoter methylation (Spearman: −0.383 and −0.633, respectively). Taken together, these results indicate that the expression of B7 and TNFR family members, especially B7-H3, may be epigenetically regulated in CRC.10.1080/2162402X.2018.1488566-F0003Figure 3.The correlation between the promoter DNA methylation status and mRNA expression level of the B7 and TNFR families in colorectal cancer. (A) The mRNA levels of B7-1, B7-H3, B7-H6 and B7-H7 are negative correlated with their promoter methylated status respectively in 379 colorectal cancer (CRC) samples. (B) The mRNA levels of TNFSF4, TNFRSF5, TNFSF7 and TNFSF9 are negative correlated with their promoter methylated status respectively in 379 colorectal cancer samples. Spearman coefficient in red, relatively strong correlation; Spearman coefficient in black, poor correlation.

B7-H3 and TNFSF7 as a potential prognostic biomarker in CRC {#S0002-S2003}
-----------------------------------------------------------

Furthermore, we evaluated the clinical value of the B7 and TNFR members' mRNA dysregulation by accessing the overall survival (OS) and disease-free survival (DFS). Patients with high B7-H3 expression had significantly worse OS (*p* = 0.026) and DFS (*p* = 0.023; [Figure 4A](#F0004)). In other B7 family members, no obvious correlations with survival were observed. We also examined whether B7-H3 was genetically dysregulated in four different cBioPortal data sets. The results showed that B7-H3 was amplified in CRC, although at relatively low frequencies ([Figure 4B](#F0004)). We also found that the levels of B7-H3 mRNA were increased gradually in cases with gene copy number alterations (shallow deletions, diploid and copy number gains; [Figure 4B](#F0004)), which suggests that B7-H3 mRNA levels may also be regulated by copy number variation.10.1080/2162402X.2018.1488566-F0004Figure 4.B7-H3 and TNFSF7 are potential biomarkers in colorectal cancer. (A) Overall survival and disease-free survival of patients with upregulated B7-H3 mRNA in CRC. (B) B7-H3 genetic alteration in four studies from cBioPortal and increased B7-H3 mRNA levels with copy number variations in CRC samples. (C) TNFSF7 genetic alteration in four studies from cBioPortal and disease-free survival of patients with upregulated TNFSF7 mRNA in CRC. *P* values were determined using the log-rank test.

In TNFR family, patients with high TNFSF7 expression had significantly more unfavorable DFS (*p* = 0.001; [Figure 4C](#F0004)), while other TNFR family members did not showed obvious correlations with survival. The genetic alteration analysis showed that TNFSF7 was amplified and deleted in different CRC cBioPortal datasets ([Figure 4C](#F0004)). However, TNFSF7 mRNA levels showed no correlations with gene copy number variations. As [Figure 3B](#F0003) showed that TNFSF7 mRNA expression was inversely correlated with promoter methylation, it indicates that DNA dysmethylation may play important role in regulating TNFSF7 expression. Collectively, B7-H3 and TNFSF7 could be potential prognostic markers in evaluating CRC survival.

B7-H1 and PD-1 as potential prognostic biomarkers in CRC with msi-high status {#S0002-S2004}
-----------------------------------------------------------------------------

Microsatellite instability (MSI) is an important molecular mechanism for CRC initiation and progression^[1](#CIT0001)^. Patients with MSI-high (MSI-H) exhibits high levels of tumour neoantigens, tumour-infiltrating lymphocytes, and checkpoint regulators, which are associated with the response to B7-H1 (PD-1) blockade.^[12](#CIT0012),[13](#CIT0013)^ Here, we examined the expression levels of B7 and TNSF family genes in cases with different MSI status. The results revealed that MSI status was associated with both PD-L1 (B7-H1, Spearman: −0.497, *p* \< 0.001) and PD-1 (Spearman: −0.158, *p* \< 0.001) mRNA levels ([Figure 5A](#F0005)). The significant correlations were also observed between MSI status and TNFSF7, B7-1, B7-2, B7-2H, TNFSF4, TNFRSF5, TNFSF9, TNFSF14 and TNFSF18, respectively ([Figure 5A](#F0005), *p* \< 0.005).10.1080/2162402X.2018.1488566-F0005Figure 5.B7-H1 and PD-1 are potential prognostic biomarkers in colorectal cancer with MSI-High status. (A) Spearman's correlation between MSI status and B7 or TNSF mRNA expression. (B and C) B7-H1 (B) and PD-1 (C) mRNA expression levels in CRC with high-microsatellite instable (MSI-high, *n* = 35) and low- microsatellite instable/microsatellite stable (MSI-L/MSS, *n* = 149) status, respectively. Student's *t*-test. (D) Overall survival and disease-free survival of patients with upregulated B7-H1 mRNA in CRC. (E) Disease-free survival of patients with upregulated PD-1 mRNA in CRC. *P* values were determined using the log-rank test.

Furthermore, we evaluated the relation between survival and these gene mRNA expression level in CRC patients with different MSI status. The results showed that only PD-L1 and PD-1 mRNA expressions were correlated with survival. Moreover, patients with MSI-H (*n* = 35) had significantly higher PD-L1 (*p* \< 0.001) or PD-1 (*p* \< 0.001) mRNA expression than the patients (*n* = 149) with MSI-low (MSI-L) and microsatellite stability (MSS; [Figure 5B](#F0005) and [C](#F0005)). In MSI-H group, patients with PD-L1 upregulation experienced significantly shorter OS (3-year OS; 71.4% vs. 100%, *P *= 0.018) and DFS rates (3-year DFS; 55.6% vs. 100%, *P *= 0.041) than patients with PD-L1 downregulation. Meanwhile, patients with high PD-1 expression levels also showed statistically worse DFS (3-year DFS; 45.7% vs. 100%, *P *= 0.009) than patients with low PD-1 expression levels in MSI-H group. However, no association with survival was found in cases with different PD-1 or PD-L1 expression levels in MSI-L/MSS group. These findings suggest that PD-1 or PD-L1 mRNA upregulation is clinically associated with unfavorable outcomes in MSI-H CRC patients and the combination of PD-1/PD-L1 pathway and MSI status may help to classify subgroup candidates for checkpoint immunotherapy.

Discussion {#S0003}
==========

This current study portrayed the systemic perspectives and clinical relevance of immune co-stimulator B7 and TNSF family genes in CRC. Mutations and CNAs were observed in both family genes. We found that their mRNA dysregulation was more common and associated with promoter DNA methylation. Moreover, the B7-H3 and TNFSF7 mRNA overexpression were correlated with unfavorable survival. In MSI-H CRC group, patients exhibited higher levels of PD-L1/PD-1 expression. We further provided evidence that MSI-H patients with PD-1/PD-L1 pathway upregulation experienced poor clinical outcomes, which representing a promising strategy for the CRC immune checkpoint therapy.

Growing evidence has highlighted the importance of the immunotherapy for cancer^[4](#CIT0004)^. Antibodies to PD-1/PD-L1 (B7-H1) or B7-2/CTLA-4 pathway molecules have shown promise for inducing tumor responses, even in late-stage patients who have failed multiple lines of therapy.^[24](#CIT0024),[25](#CIT0025)^ However, only a small number of patients respond.^[7](#CIT0007),[8](#CIT0008)^ Therefore, it has been urgent to identify the best candidates for this therapy and explore novel targets to develop new treatment strategy. In this study, we found that the B7 and TNFR family genes were mutated, amplified or deleted in CRCs, which is consistent with previous studies in other cancer types, including breast cancer, head and neck cancer.^[26](#CIT0026),[27](#CIT0027)^ Although the mutation and CNA rates were relatively low in CRC, a total of about 20% of patients had B7 and TNFR gene alterations, which may help to stimulate or suppress immune response in CRC. Moreover, we found that the upregulated B7-H3 and TNFSF7 mRNA expressions were associated with poor OS or DFS. Previous studies have demonstrated that B7-H3 participates in both immune stimulatory and inhibitory signals,^[20](#CIT0020)^ while TNFSF7 involves in stimulatory signals.^[19](#CIT0019)^ Therefore, our findings may provide significant prognostic factors and help to develop new target therapy.

Although anti-PD-1/PD-L1 antibodies have been demonstrated to induce significant durable tumor regressions in patients with renal cancer, melanoma and non-small cell lung cancer,^[24](#CIT0024),[28](#CIT0028),[29](#CIT0029)^ CRC cases exhibit very low response rates, except those with MSI-H status.^[6](#CIT0006),[7](#CIT0007)^ MSI is a consequence of impaired DNA mismatch repair, resulting in mutation accumulations to create a rich source of tumor-specific neoantigens.^[13](#CIT0013)^ Some of which will be presented on the major histocompatibility complex (MHC), recognized as foreign by T cells, and thereby might stimulate lymphocytic reaction.^[12](#CIT0012)^ It has been supported by the findings that MSI CRCs have higher level of TILs and a better prognosis than MSS.^[14](#CIT0014)^ However, MSI tumors highly up-regulate expression of multiple immune checkpoints.^[11](#CIT0011),[30](#CIT0030)^ Consistently, our study demonstrated that MSI-H CRCs displayed PD-1/PD-L1 overexpression, which might help CRC cells to survive from naturally immune eradication. Moreover, we found that MSI-H patients with PD-1/PD-L1 upregulation developed poorer survival than those with PD-1/PD-L1 downregulation, which may potentially define subsets of CRC that might be more sensitive to checkpoint blockade.

Our study had several limitations. First, the expression of B7 and TNFR genes was measured at mRNA level, the precise protein expression has not been validated by immunohistochemistry in CRC sample sections. Second, the value of combining MSI status and PD-1/PD-L1 expression remains unknown in forecasting benefit from immunological therapy, and further investigations into their roles in pre-clinical and clinical checkpoint therapy might provide novel treatment strategies. Moreover, our findings require further validation in prospective studies and multicenter clinical trials.

In conclusion, our study provided an overview of B7 and TNFSR family gene alterations in CRC. We also highlighted the prognostic value of PD-1/PD-L1 overexpression in MSI-H CRC patients, thereby facilitate the development of novel predictive strategies and immune checkpoint therapy against CRC.

Materials and methods {#S0004}
=====================

Determination of B7 and TNFR family member alterations in colorectal cancer {#S0004-S2001}
---------------------------------------------------------------------------

The frequency of genetic alterations (including mutations, amplifications, deletions and fusions) of the B7 and TNFR families was assessed across 6 studies of colorectal cancers (CRC) using the cBioPortal (<http://www.cbioportal.org/index.do>) for Cancer Genomics database and TCGA^[31](#CIT0031)^ with more than 1,000 patients' details. Mutations included missense mutations and truncating mutations. Missense mutations are point mutations changing a single nucleotide that results in the substitution of a different amino acid and a nonfunctional protein. Truncating mutations are point mutations to generate one stop codon, which leads to protein translation interruption. Further, we assessed the genomic alterations, including mRNA dysregulation and promoter methylation of B7 and TNFR families, across 379 sequenced CRC samples with complete TCGA data from cBioPortal. All mRNA data were assayed by mRNA-seq and gene expression values were represented as RNA-Seq by Expectation Maximization (RSEM) data normalized within each sample to the upper quartile of total reads.^[32](#CIT0032)^

Prognostic significance of B7 and TNFR families in colorectal cancer {#S0004-S2002}
--------------------------------------------------------------------

We obtained the clinicopathological information, including the microsatellite instability (MSI) status and survival data of all CRC samples from TCGA. Then, we assessed the prognostic effects of B7 and TNFR family members' mRNA dysregulation in patients with colorectal cancer. The prognostic effects of B7 and TNFR gene expressions in patients with different MSI status were also evaluated. Cut-off value of mRNA was determined by receiver operating characteristic (ROC) curve analysis.

Statistical analyses {#S0004-S2003}
--------------------

Statistical analyses were performed using SPSS 22.0 software (IBM, Armonk, NY, USA) and STATA version 12.0 (Stata Corporation, College Station, TX). Two-tailed Student's *t*-tests were used to compare variables between groups. Comparisons among categorical variables were conducted by Pearson chi-square test and Fisher's exact test. The relationship between mRNA expression and promoter methylation or MSI status was performed using Spearman correlation test. The Kaplan--Meier survival curves and log-rank tests were used to estimate the actuarial rates and comparisons. The hazard ratio was calculated by unadjusted Cox proportional hazards model. The mRNA expression data are presented as the mean ± s.d. *P* values \< 0.05 were considered statistically significant.
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